A linear hygrothermoelastic theoty is adopted to analyze tramient responses in an nrisymmettic double-layer annular cylinder subjected to hygrothetmal loading. The coupled equations ure jir.st decoupled und dil'ided into ser:eral general initial and boundaty r:alue problems for each luyer. These problems ure solred by the Hankel transform method. PUII of the boundary conditions at the interface is unknown and will be determined by the interfacial conditions. The result is a set of coupled differentiul-integrul equations. Yhe I,upluce transform method is then used IO soh'e these equutions, and, finally, the transformed functions are numerically inrerted to obtain the time domain response. 
Introduction
Physically there exists a coupling effect between temperature and moisture in most materials. The study of coupling temperature and moisture in some porous and composite materials has useful applications in several disciplines of engineering.
Shirrell' and Springer' experimentally studied the interactive effect between temperature and moisture for some coefficients that are relevant to the coupling effect. Sih et aL3 utilized the previous experimental data to analyze the hygrothermal stresses occurring in the plate using numerical methods. Recently Chang et al.* first presented the decoupling technique and obtained the analytical closed-form solution for a single annular cylinder. Then Yoshihiro and Yasuharu' used the same technique and applied it to the case whcrc the hygrothermal loadings are not axisymmetrical, and Chang and Chang" applied the technique to the solid cylinder case.
Layer construction offers significant advantages over mono-wall designs in various structural applications, including those involving severe environments.
However only a limited portion of the literature is concerned with multilayers having coupling effects. Chen et al. ' utilized the finite element method (FEM) to deal with a double-layer cylinder problem, but it required a great deal of computer time. In this paper an analytical approach is adopted to investigate the responses of the coupled temperature and moisture in a double-layer annular cylinder. Utilizing the decoupling technique the coupled governing equations can be divided into some general initial-boundary value problems. These problems are solved by using the Hank4 transform technique, then, the unknown function of time for the boundary conditions at the interface is determined by the interfacial conditions, further reducing the system to a coupled differential-integral equation. Finally Laplace transformations are used to deal with these equations so that the transient solutions at any time can be evaluated.
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Basic assumptions
The variations of moisture and temperature are confined within a small range. All material properties are independent of both the temperature and the moisture. The material properties are both homogeneous and isotropic. The deformation due to the moisture and the temperature is within a linear elastic range.
Basic equations
Based on the above assumptions the derivation of the basic equations with coupled temperature and moisture content in a cylinder has already been made.3 According to the previous work the governing equations for a double-layer hollow cylinder can be expressed as follows:
where i = 1,2 refers to the inner and outer cylinder, respectively, Ai and ui are the coupling coefficients, Li and Di are the equivalent diffusion coefficients of temperature and moisture, respectively, and 7;.* and C,? are the dimensionless temperature and moisture, respectively, defined as T* = (q -TO)/(Tf_ To) ci* = (Ci -C,)/h(T, -To) ( 
2)
T, and C, are the reference temperature and moisture, respectively, and Tf is the final equilibrium temperature.
Decoupling technique
Consider an infinitely long two-layer annular cylinder shown in Figure 1 , having inner, intermediate, and outer radii rl, r2, and r3, respectively, subjected to hygrothermal loading. Since the problem is axisymmetric equation (1) can be reduced to the following forms:
where i = 1, r, <r < r2, and i = 2, r2 <r < r3. The boundary conditions for both fields at t > 0 are the following: aq*tc, t) ki Jr + h,q+(c, t) =fj(t) i= 1,2 (4a)
where c=r, when i=l, and c=r3 when i=2 T;"(r,,t) = T,*(r,,t) C:(r,, t) = C:(r,, t) k1 dTF(r,,t) k, drTz(r,,t) 
The system of equation (3) may be decoupled into independent equations. Equations (3a) and (3b) for i = 1 are multiplied, respectively, by S,, and unity. The results are then added to give
If this is to be expressible as a simple diffusion equation for (L,S,,T~ + D,C:), we must have (S,, -l)/L,S,, = (1 -S,,uh)/D, = dt,. Equation (6) can now be written as
where yii= %LT:' + D&T and the roots of S,, are
Similarly equations (3a) and (3b) for i = 1 are multiplied, respectively, by -S,, and unity; and then, utilizing the same technique, we can obtain an equation similar to equation (7) . Also, for the case where i = 2, similar equations are obtained. Thus the equations are expressed in the following general form:
where 
As to the initial and boundary conditions for the yij's the relation between yij and T*,C,* is first obtained by solving equation (ll), to yield 
Then the above relations are substituted into equations (5a), (5b), and (11). From equations (Sa) and (5b) it is clear that the initial conditions for yij could be where Fij(r) can be determined from the initial conditions, equations (5a) and (5b), and from equations (4a) and (4b). The boundary conditions for y,, could be the general form
where +ll(t) and +21(t) at r = rl, and +12(t) and 422(t) at r = r3 can be determined from the boundary conditions (4a) and (4b), respectively. If we require that the interfacial conditions (4~) -(4f) are in the similar general form as equation (16) and Fij(r) are known, gll(t), g2&t), h,*(t), and h22(t) are also given. The unknown functions, g12(t), gz2(t), h,,(t), and h2&t) will be determined from equations (18a) -(18d).
Hankel transform method
The Hankel transform and its inversion formula of the function yij(r, t) with respect to r are defined asR Here it is clear that we have used the new unknown function Pij( A,ij, t) to replace the unknown functions of gij(t) and hii ( If one or both the coefficients cxij and yij are equal to zero, then the following changes should be made in equation (27).
when aij = 0, replace
when yij = 0, replace
The solution of equation (26a) 
where the coordinates a and b stand for the same as in equation (20) . The initial condition at the interface, P,~(A,,,~, t)l,=,,, can be determined by using equation (35) and by setting t = 0 in equation (32). 
Case 1
In this case we consider a two-layer annular cylinder subjected to symmetrical hygrothermal loading as follows: 
Case 2
We now consider the cylinders subjected to hygrothermal loading as follows:
Tr"(r,,t) = 1, Cf(r,,t) = 0, dT,*(r,, t) The initial conditions are
T*(r,O) = 0 C*(r,O) = 0 (56)
The associated boundary and initial conditions for the function yjj (i = 1,2; j = 1,2) can be expressed as follows: By substituting equation (61) into equation (41) the distributions of displacement and stress can be obtained.
Numerical results and discussions
The analytical results are conveniently interpreted in terms of following dimensionless variables:
UiT = CY*E,( q -T")
=,t u p = - are compared with those obtained by the FEM, and they are listed in Tables I and 2 . It is found that the solutions of the analytical method are quite close to the FEM, but the computer time required is only l/200 compared with that of the FEM.
For Case 2 the temperature and moisture distributions along the radial direction for various times are plotted in Figures 2 and 3 . It can be seen from the governing equation (3) that the temperature distributions are affected by the moisture rate and the corresponding thermal boundary conditions. Furthermore the moisture plays the role of a heat source for the temperature distributions if the moisture rate is positive (i.e., dC*/dt > 0). However it will act as a heat sink if the moisture rate is negative (i.e., dC,?/dt < 0). Similarly the temperature, depending on its sign, may act as either a moisture source or a moisture sink. F@re 2 indicates that the temperature rate remains positive all the time so that the temperature always plays the role of a moisture source. It can be seen that the gradients of the inner-layer temperatures are lower than those of the outer-layer at the interface (i.e., R = 1.6) because the heat conductivity of the former is higher than the latter. At the beginning of the transient period the temperature rate near the inner surface is greater than that near the outer surface. This implies that the moisture source near the inner surface is stronger than that of the outer region. Therefore the moisture distributions near the inner surface are higher than that of the outer region as shown in Figure 3 . However this tendency will reverse after a period time. Finally the temperature distributions will gradually approach a steady-state value and the temperature rate may become very small. Due to the diffusion of moisture through the inner surface the moisture distribution will gradually reduce limiting toward zero moisture content everywhere in the steady state.
The distributions of radial displacement with respect to radial distance for various times are shown in Figure 4 . The displacement distribution increases as time passes; however, it diminishes due to lower moisture distributions at the end of the transient period.
Under these thermal and moisture loading conditions, as seen in Figure 5 , the radial stress distribution is almost compressive everywhere; however, it diminishes as the time increases, and finally it will become zero in the steady state. Figures 6 and 7 exhibit the distributions of circumferential stress and axial stress, respectively; they have a discontinuity at the interface because the moduluses of elasticity are different for the two layers. The distributions of circumferential stress and axial stress in the each layer will gradually reach the constant values as time increases. 
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Conclusion
In this study an analytical approach that consists of a decoupling technique, a Hankel transform, and Laplace transform techniques is proposed to deal with axisymmetric double-layer annular cylinders when considering the coupled effect of temperature and moisture. To illustrate the accuracy and efficiency of the present method the problem cited as Case 1 in the text was compared with the FEM. It is found that the results of the method described are quite close to those obtained by FEM, but the computing time required is only about l/200. Furthermore the procedure of this method is clearer and more physically meaningful than that of FEM. Consequently this approach is very suitable for dealing with multilayer circular cylinders subjected to hygrothermal loading. 
